To further define the mechanisms of gap junction protein (connexin) oligomerization without pharmacologic disruption, we have examined the transport and assembly of connexin constructs containing C-terminal di-lysine based ER (HKKSL) or ERGIC (AKKFF) targeting sequences. By immunofluorescence microscopy, Cx43-HKKSL transiently transfected into HeLa cells showed a predominantly ER localization, while Cx43-AKKFF was localized to the perinuclear region of the cell. Sucrose gradient analysis of Triton X-100 solubilized connexins showed that either Cx43-HKKSL or Cx43-AKKFF expressed alone by HeLa cells were maintained as apparent monomers. In contrast to Cx43-HKKSL, Cx32-HKKSL was maintained in the ER as stable hexamers, consistent with the notion that Cx32 and Cx43 oligomerization occur in distinct intracellular compartments. Furthermore, Cx43-HKKSL and Cx43-AKKFF inhibited trafficking of Cx43 and Cx46 to the plasma membrane. The inhibitory effect was due to the formation of mixed oligomers between Cx43-HKKSL or Cx43-AKKF and wild type Cx43 or Cx46. Taken together, these results suggest that Cx43-HKKSL and Cx43-
Introduction
Prior to delivery to the plasma membrane and assembly into gap junction channels, connexins are first assembled into hexameric hemichannels (1) (2) (3) (4) (5) . Most assembly of oligomeric transmembrane proteins occurs in the ER and is a prerequisite for further transport along the secretory pathway (6) . However, connexin hemichannel assembly appears to be more complex, since a number of intracellular compartments have been implicated in hemichannel assembly, including the endoplasmic reticulum (ER) (7) (8) (9) , ER-Golgi intermediate compartment (ERGIC) (7) and trans Golgi network (TGN) (10) (11) (12) . Defining the intracellular compartments involved in connexin hemichannel assembly is further complicated by the potential for multiple connexin trafficking pathways (10, 11, 13, 14) and the possibility that different connexins, such as Cx32 and Cx43, may have the potential to oligomerize in different compartments (4) .
A number of different methods have been used to analyze the itinerary of connexin assembly. Since reticulocyte lysates have the capacity to oligomerize connexins translated in vitro, including Cx32 and Cx43 (9, (15) (16) (17) , it has been suggested that connexin hemichannel assembly occurs in the ER (9) . In vitro translation has provided some insights into amino acid determinants which might control connexin oligomerization and the ability of different connexins to form mixed (heteromeric) hemichannels. However, as is the case with many in vitro systems, reticulocyte lysates lack many of the structural elements and compartments present in the intact cell. Thus, oligomerization by microsomes in vitro is not strong evidence that a given process occurs in the ER. For instance, augmentation of microsomes with a liver Golgi fraction stimulates Cx32 oligomerization (18) . Also, while Cx43 and Cx46 have the capacity to 4 intermix when translated in vitro, the ability of these two connexins to intermix is dependent on cell phenotype and is controlled at the level of Cx46 assembly (11) .
Nonetheless, Kumar, et al. (8) found by EM that BHK cells transfected to overexpress Cx32 had structures resembling gap junction plaques localized to the ER, suggesting that Cx32 assembly can occur there. In further support of the ER as a site for Cx32 hemichannel assembly, mutant forms of Cx32 that are not assembled and which escape the ER are degraded by a putative quality control mechanism (19) . Monensin treatment also caused a 3-4 fold reduction in Cx43 oligomerization in ROS cells, consistent with the TGN as the site for Cx43 hemichannel assembly (10) . We have also found that a Cx43-β-galactosidease fusion protein, Cx43/β-gal, which inhibits native Cx43 trafficking to the TGN also inhibits Cx43 hemichannel assembly, again consistent with Cx43 hemichannel assembly at the TGN (11) .
However, we also found that Cx43/β-gal formed sub-hexameric, heteromeric complexes with native Cx43 and Cx46 in an aspect of the Golgi apparatus, prior to the TGN (11) . George, et al., using cells transfected with connexin-aequorin chimeras, also found subhexameric assembly intermediates enriched in purified ER, ERGIC and Golgi apparatus fractions (7) . By fluorescence microscopy, most of the Cx-aequorins appear to be concentrated in the perinuclear region of the cell, with some cell surface expression by guest on http://www.jbc.org/ Downloaded from 5 (20) . Cx26-, Cx32-and Cx43-aequorin all showed similar assembly profiles, with the Golgi apparatus fraction containing the most connexin-aequorin hexamers in each case (7) . This, combined with our results using Cx43/β-gal, raised the possibility that native connexin assembly intermediates, such as dimers, might form in an aspect of the secretory pathway prior to the TGN. However, whether these studies reflect intermediates involved in the assembly of native connexins is not definitive, since the constructs used were connexin fusion proteins containing either a ~23 kD aequorin or 180 kD β-gal moiety at the extreme C-terminus. The potential pitfalls of adding a large protein motif to a connexin on oligomerization was illustrated by Lauf, et al. who showed that a red fluorescent protein (DsRed)-Cx43 fusion protein was retained in an intracellular compartment which showed partial co-localization with calnexin, due to oligomerization between DsRed domains to form SDS-resistant tetramers (21) .
However, when DsRed-Cx43 was co-expressed with native Cx43 or Cx43-EGFP, it was transported to the plasma membrane where it formed heteromeric gap junction channels.
This suggests that DsRed-Cx43 and wt Cx43 might have the potential to interact in the ER or another early secretory compartment.
In order to further investigate connexin assembly in early secretory compartments, we produced a series of connexin-based constructs containing di-lysine targeting motifs to potentially localize them to early intracellular compartments (22) (23) (24) (25) .
Short di-lysine motifs, oriented toward the cytosol at the extreme C-terminus of a transmembrane protein, enable ER retention by inhibiting clustering into COP II coated secretory vesicles (26, 27 ) and also enable protein retrieval and by interacting with multiple components of COP I coated retrograde transport vesicles (28, 29) . In contrast by guest on http://www.jbc.org/ Downloaded from 6 to pharmacologic methods, such as BFA (30) , which disrupt cell compartmentation, this approach offers the ability to examine connexins in relatively unperturbed early secretory compartments.
We found that connexin fusion proteins, Cx32-HKKSL and Cx43-HKKSL, were retained in the ER consistent with their retention signals. When expressed alone in cells, the targeted Cx43 constructs were retained as monomers. In contrast, Cx32-HKKSL, which was also retained in the ER, was assembled into hexamers suggesting that Cx32 and Cx43 hemichannel assembly occur in distinct subcompartments. Furthermore, despite the retention of Cx43-HKKSL and Cx43-AKKFF as monomers when expressed alone, these constructs had the capacity to interact with compatible native connexins.
Thus, despite the trafficking of Cx43-HKKSL and Cx43-AKKFF through intracellular compartments where oligomerization is initiated, they are maintained as monomers. HeLa cells were transiently transfected with either wild type or modified connexin cDNA constructs using Lipofectamine (Life Technologies) at 2 µg/ml DNA using Lipofectamine:DNA ratios of either 3:1 (µl:µg) for 100 mm dishes or 4:1 (µl:µg) for 35 mm dishes and analyzed 48 h after transfection. Transfection efficiencies using this approach were typically greater than 70%. In some experiments, previously generated, stably transfected HeLa/Cx43myc and HeLa/Cx46 cells were transiently transfected in a manner comparable to wild type HeLa cells. Protein analysis. The techniques outlined below have also been described elsewhere (10, 11, 32) . Cells were washed with PBS, harvested into PBS containing protease inhibitors (10 mM N-ethylmaleimide, 1 mM phenylmethylsulfonyl chloride, 2 µg/ml leupeptin and 1 µg/ml pepstatin) and phosphatase inhibitors (1mM NaVO 4 and 10mM NaF) then passed through a ball bearing homogenizer 100 times (10, 11) . The homogenate was centrifuged at 500 x g for 5 min using a IEC CL3R centrifuge and then the resulting post nuclear supernatant was centrifuged at 100,000 x g for 30 min using a Beckman TL-100 ultracentrifuge to obtain a membrane enriched pellet. To analyze total cell connexin expression, this pellet was resuspended in SDS-PAGE sample buffer, resolved by electrophoresis, transferred to PVDF and then detected by immunoblot.
Densitometric analysis of non-saturated films was performed using the Kodak IDAS system (Rochester, NY). Preloading assay. The preloading dye transfer assay for gap junction formation was done as previously described (32) and the specific transfer of calcein from donor to acceptor cells was scored by fluorescence microscopy using a blinded coding system. Data were expressed as the
Results

Retention of di-lysine targeted Cx43 constructs
Cx43-based cDNA constructs containing two different di-lysine based retention motifs, Cx43-HKKSL and Cx43-AKKFF, were produced as described in Methods. To define the intracellular trafficking of these constructs, Cx43-HKKSL and Cx43-AKKFF were transiently transfected into HeLa cells and then examined by immunofluorescence microscopy. In contrast to wild type Cx43 which showed high levels of transport to the cell surface ( Figure 1 ), both Cx43-HKKSL and Cx43-AKKFF were preferentially retained in intracellular compartments.
We used immunofluorescence co-localization to identify compartments containing the targeted Cx43 constructs ( Figure 2 ). As shown in Figure 2 (19, 40) .
Differential oligomerization of Cx43-HKKSL and Cx32-HKKSL
We then examined the oligomerization of ER-retained Cx43 constructs by sucrose gradient fractionation. As shown in Figure 3a , the Triton X-100 soluble fraction of wild type Cx43 showed the characteristic pattern of two peaks, centered at 8-10 % sucrose and 15-17 % sucrose which correspond to monomeric and oligomerized Cx43, respectively.
In contrast, the same fraction isolated from HeLa cells expressing either Cx43-HKKSL or Cx43-AKKFF alone showed only the monomer peak. There was little, if any, oligomerized connexin present in these Triton X-100 soluble fractions. Thus, there were no apparent intracellular Cx43-HKKSL or Cx43-AKKFF oligomers, when they were the only connexin expressed by HeLa cells.
Since it has been suggested that Cx32 hemichannels may be oligomerized in the ER (8), we wanted to determine whether a Cx32-HKKSL construct might be oligomerized. As shown in Figure 4a , Cx32-HKKSL is retained in the ER, showing a similar intracellular distribution to Cx43-HKKSL. However, in contrast to Cx43-HKKSL, virtually all of the Cx32-HKKSL expressed by HeLa cells resolved to a peak at 15 % sucrose in the gradient. This was due to oligomerization, since pre-treatment with SDS caused the Cx32-HHKSL peak to shift to a lighter sucrose density fraction ( Figure   4b ). Thus, Cx32-HKKSL and Cx43-HKKSL were maintained in the ER in different states of oligomerization, suggesting that Cx32 and Cx43 may oligomerize in distinct intracellular compartments.
Targeted Cx43 constructs oligomerize with Cx46
Despite the fact that Cx43-HKKSL and Cx43-AKKFF were not oligomerized, our previous results showing oligomerization of Cx43/β-gal with wild type connexins in a BFA-sensitive compartment (11) raised the possibility that the di-lysine targeted constructs might also interact with wild type connexins. We first examined whether this was the case using HeLa cells stably transfected with Cx46 (HeLa/Cx46 cells). Cx43 and Cx46 are compatible to form mixed gap junction channels in HeLa cells and this offered us the advantage of using two different antibodies to simultaneously localize Cx43 and Cx46 in the same cell (11) . As shown in Figure 5 , wild type Cx43 and Cx46 co-localize predominantly in gap junction plaques, consistent with co-assembly of these proteins into heteromeric gap junction channels. However, transient transfection of either Cx43-HKKSL or Cx43-AKKFF into HeLa/Cx46 cells caused Cx46 to be preferentially retained in intracellular compartments which co-localized with the targeted Cx43 construct. The ER-retained Cx43-HKKSL was more effective at inhibiting Cx46 transport to the cell surface than the ERGIC retained Cx43-AKKFF construct.
We then defined the assembly intermediates involved in Cx46 retention by targeted Cx43 constructs. By sucrose gradient fractionation, there was good overlap between the migration pattern of the targeted Cx43 constructs and Cx46 ( Figure 6 ). This was due to a direct interaction between Cx43-HKKSL or Cx43-AKKFF and Cx46, since 
Targeted Cx43 constructs oligomerize with wild type Cx43
To determine whether targeted Cx43 constructs could interact with Cx43, we examined the effect of Cx43-HKKSL on the trafficking of a myc-epitope tagged Cx43 construct. As shown in Figure 7 , transfection of HeLa/Cx43myc cells with wild type Cx43 did not inhibit the trafficking of Cx43myc to the plasma membrane. In contrast, cells expressing Cx43-HKKSL retained Cx43myc in an intracellular compartment which showed partial overlap with the ER. Cx43-HKKSL also changed the assembly state of the Triton X-100 soluble pool of Cx43myc. In control HeLa/Cx43myc cells, the Triton X-100 soluble pool of Cx43myc showed a similar sucrose gradient fractionation pattern to wild type Cx43 (Figure 3a) . In contrast, co-expression of Cx43myc with Cx43-HKKSL caused the Triton X-100 soluble pool of Cx43myc to shift to a mostly oligomerized state.
We then examined the effect of Cx43-HKKSL and Cx43-AKKFF on Cx43- 
Discussion
In this study, we found that the HKKSL di-lysine retention/retrieval motif at the extreme C-terminus of Cx43 and Cx32 was able to retain these connexins in the ER, in the case of HKKSL or perinuclear region of the cell, in the case of AKKFF. Using these retention motifs, Cx32 and Cx43 constructs localized to early secretory compartments showed differential states of oligomerization, where Cx32-HKKSL was oligomerized into hexamers while intracellular pools of Cx43-HKKSL and Cx43-AKKFF were maintained as apparent monomers. However, Cx43-HKKSL and Cx43-AKKFF were still able oligomerize with wild type Cx43 and Cx46 when co-expressed in the same cell.
The observation that Cx32-HKKSL and Cx43-HKKSL were in different assembly states, despite both being preferentially localized to the ER, is consistent with the notion that there are at least two connexin oligomerization pathways (Figure 8 ) (4) . Based on dendrogram analysis of amino acid sequences, Cx32 is a beta-class connexin and Cx43 is an alpha-class connexin (2) . Whether the results presented here can be generalized to a model where oligomerization of beta connexins occurs in the ER and oligomerization of alpha connexins occurs in post-ER compartments remains to be determined. However, since mixed oligomerization of Cx43 and another alpha connexin, Cx46, depends on cell type (11, 41) and since Cx46 retained in the TGN is in an apparent monomeric form (10), there may in fact be more than two connexin oligomerization pathways. This notion of multiple pathways is also suggested by differential sorting of Cx26 and Cx32 (7, 42) and by the effect of multiple inhibitors on Cx43 transport to the plasma membrane (13) .
While this approach examines the behavior of connexin fusion proteins, these have only five added amino acids to the C-terminus, which is less likely to be disruptive 20 than the addition of larger protein moieties, such as β-galactosidease (11). Consistent with this, ER or ERGIC morphology was not perturbed by HKKSL-or AKKFF-tagged connexins. Also, Cx43-HKKSL was not significantly present in a Triton X-100 insoluble fraction (Figure 1 ), suggesting that it was not misfolded. In addition, the level of Cx43-AKKFF in the Triton X-100 insoluble pool was consistent with the presence of Cx43-AKKFF assembled into gap junction plaques. Using di-lysine tagged connexins also offers the advantage that pharmacologic agents or other approaches were not required to interfere with connexin trafficking. Thus, we are likely to be examining the behavior of and Cx43 assembled into gap junction channels at the plasma membrane (10, 12, 48) . This suggests that there are two rate limiting steps in Cx43 oligomerization, namely, initiation of Cx43 oligomerization and delivery of Cx43 hemichannels to the cell surface for assembly into gap junction channels. Given that Cx43-HKKSL and Cx43-AKKFF hetero-oligomerize with wild type Cx43 and Cx46, the targeted Cx43 constructs must have access to intracellular compartments where oligomerization is initiated (Figure 8 ).
However, this is in apparent conflict with the observation that these di-lysine targeted Cx43 constructs are maintained as apparent monomers when expressed alone by HeLa cells. One possibility is that initiation of oligomerization may be less efficient for Cx43-HKKSL and Cx43-AKKFF due the di-lysine motif itself, although Cx32-HKKSL oligomerization was fairly complete suggesting that this is not the case.
Cx43-HKKSL and Cx43-AKKFF are subject to two competing processes, namely, ER retrieval and initiation of oligomerization (Figure 8 ). Single Cx43-HKKSL molecules can be retrieved through the di-lysine motif (22,23), however, oligomerization requires two or more Cx43-HKKSL molecules to interact. Given this, ER retrieval is likely to be the preferred pathway for cells expressing Cx43-HKKSL alone, if the level of Cx43-HKKSL monomers available for oligomerization is relatively low. Since cells expressing Cx43-HKKSL and Cx43-AKKFF alone showed intercellular communication using the preloading assay, these connexins do oligomerize on their own. However, stable intracellular hemichannels were not detected when cells expressed Cx43-HKKSL or Cx43-AKKFF alone, consistent with low levels of oligomerization compared to wild type connexins. Once assembled into gap junction plaques at the plasma membrane, the turnover of di-lysine targeted Cx43 constructs is likely to be regulated independently by guest on http://www.jbc.org/ Downloaded from 22 from the ER retention pathways, instead using previously described internalization pathways used for wild type Cx43 (49, 50) .
In contrast, when co-expressed with wild type connexins which are readily oligomerizing, hetero-oligomerization of Cx43-HKKSL and wild type connexins can more effectively compete with ER retrieval of monomeric Cx43-HKKSL. This process also could be enhanced by repeated iterations of hetero-oligomers between the ER and post-ER compartments since mixed oligomers with wild type and di-lysine targeted Cx43 are likely to undergo a futile cycle of recycling between the ER and post-ER compartments and thus stabilize the intracellular oligomer pool (Figure 8c) . A similar argument can be made for Cx43-AKKFF.
Cx43myc/Cx43-HKKSL and Cx46/Cx43-AKKFF formed hetero-oligomers with a sucrose gradient migration pattern most consistent with hexamers. In both of these cases, the intracellular distribution of these connexins was in a compartment which appeared to be distinct from the ER. In contrast, Cx46 and Cx43-HKKSL, which were more localized to the ER at the level of immunofluorescence oligomerized into subhexameric heteromers. The difference in oligomerization state of Cx43myc/Cx43-HKKSL and Cx46/Cx43-HKKSL might reflect the relative stability of homomeric Cx43 hemichannels, as compared to heteromeric Cx43/Cx46 hemichannels (11, 51) .
Alternatively, subhexameric Cx46/Cx43-HKKSL oligomers may be more effectively retained in earlier secretory compartments than Cx46/Cx43-AKKFF and Cx43myc/Cx43-HKKSL.
Stable subhexameric oligomers have also been shown to be formed by Cx43-aequorin (7). However, in their system, Cx32-and Cx43-aequorin chimeras showed 23 similar oligomerization profiles, which initiated in the ER/ERGIC and differed from our observations showing that Cx32-HKKSL and Cx43-HKKSL were in different states of oligomerization. Whether the difference between aequorin and di-lysine connexin chimeras can be attributed to the aequorin moiety remains to be determined. One possibility is that constructs containing a large protein domain, such as aequorin or β-galactosidease, might have near normal rates for initiation of oligomerization and slower rates for completion of oligomerization compared to rates for unmodified connexins, if we assume that initiation and completion of oligomerization are separable events.
Whether this is the case remains to be determined.
Di-lysine motifs also help retain proteins in the ER in addition to retrieval from distal secretory compartments. This suggests an alternative model, where the level of wild type Cx43 expression in the ER itself might be high enough to initiate hetero-oligomerization with Cx43-24 HKKSL or Cx43-AKKFF and subsequent escape from the ER. However, transfection with high levels of Cx43-HKKSL (4 µg/ml) did not increase the level of gap junction formation, arguing against the notion that increased levels of Cx43-HKKSL expression can drive ER oligomerization. The notion of Cx43 assembly at the ER was also suggested by Lauf, et al. (21) , who showed that DsRed-Cx43 expressed alone by HeLa cells aggregated and was retained in a perinuclear compartment which partially colocalized with the ER marker calnexin by immunofluorescence microscopy. Coexpression with wild type Cx43 enabled DsRed-Cx43 to be further transported along the secretory pathway, due to the formation of DsRed-Cx43/wild type Cx43 heterooligomers. Although the initiation of oligomerization involving DsRed-Cx43 may occur in the ER, it is also possible that DsRed can escape from the ER, is misfolded and then retrieved to the ER for degradation, as is the case for some misfolded Cx32 mutants (19) and other misfolded proteins (53) (54) (55) . Consistent with this, DsRed-Cx43 was only localized to a subset of the ER, as opposed to Cx43-HKKSL which showed extensive overlap with calnexin in a compartment which resembled unperturbed ER. Results obtained with DsRed-Cx43 are also complicated by the ability of DsRed to oligomerize on its own, an point of concern when analyzing connexin chimeras with β-gal (11) and aequorin (7).
Our results are also consistent with the possibility that partially oligomerized Cx43-HKKSL or Cx43-AKKFF is retrieved to the ER and then actively disassembled by a putative quality control apparatus or set of chaperones. The idea of connexin chaperones stems from observations that Cx43 and Cx46 hemichannel assembly occurs in post-ER compartments (10) (11) (12) . In order for this to occur, monomeric Cx43 (and by guest on 
